This study investigated the interfacial behavior between thiol-stabilized Au nanoparticle (NP) deposits and the commonly used electronic substrates, Cu, Ni and Ag. Instead of sintering or agglomerating, curing at 300 • C resulted in either entire or partial melting of the deposited suspension because of the substantially low melting point of the Au NPs due to the nanosize effect; the melting point was measured to be 230-270 • C. Thus a liquid-solid reaction might occur between the NP Au deposits and substrates during the thermal process. The elemental depth profiles examined by x-ray photoelectron spectroscopy (XPS) demonstrated that stoichiometric intermetallic phases, likely Cu 3 Au and NiAu 3 , existed respectively at the Au/Cu and Au/Ni interfaces, while a miscible solid solution of nonstoichiometric layer was found to have emerged at the Au/Ag interface. Also, the chemical shifts of binding energies inspected at the reaction layers reflected the alloying behavior at those interfaces.
Introduction
One of the attractive characteristics of metallic nanoparticles (NPs) is the drastically reduced melting temperature [1] [2] [3] . For example, gold nanosized particles of average size 3.9 ± 0.7 nm possess a melting temperature, ranging from 230 to 270
• C [4] , which is substantially lower than that of the bulk material (1063 • C). Such a low melting point is close to that of the promising Pb-free solder, namely 221
• C for the Sn-Ag-Cu eutectic alloy [5] . Wong et al suggest that metallic NPs could be utilized as a conductive adhesive in low-temperature interconnect applications because they exhibit obvious premelting and sintering behavior, which result in conductive networks between NPs [6] [7] [8] [9] . This enables the fabrication of electrical conductor lines on the substrates or 5 Author to whom any correspondence should be addressed. joints between components under a relatively low processing temperature.
For interconnects in electronic circuits, the printed conducting lines need to be well connected or joined with metallic pads. Therefore, the interfacial behavior between NP deposits and the electronic substrates should be thoroughly investigated. In our previous study [5] , suspensions with Au NPs have been spin-coated onto several commonly used electronic substrates, Cu, Ni and Al, and then thermally processed in a protective atmosphere. It was found that isothermally heating the suspension at a temperature above the melting point of the nanoparticles used could result in fine deposits with acceptable adhesion. As an extension to the previous work, x-ray photoelectron spectroscopy (XPS) and secondary ion mass spectrometry (SIMS) were used to examine the elemental distribution and the reaction products at the interface between Au NPs and commonly used electronic substrates of Ag, Cu and Ni. Chemical shifts of binding energies due to the alloying effect were also revealed by XPS core level spectra.
Experimental procedures
Octanethiol-protected Au (AuC8) NPs were prepared using the method reported by Murray [10] . The syntheses and analyses of the desired Au NPs have been described in previous work [5] . The NPs thus produced had 3.9±0.7 nm average core diameters and a significantly reduced melting temperature, ranging from 230 to 270
• C. The Au NPs were then suspended in toluene solvent; the proportion of Au NPs present in the suspension was 20% by weight. The substrates, such as Ag, Cu and Ni foils, were sequentially polished using a 0.03 μm Al 2 O 3 suspension, degreased in an alkaline solution of 5 wt% NaOH at 70
• C for 5 min, rinsed in deionized (DI) water for 5 s, cleaned in HNO 3 10 vol% solution for 5 s, rinsed in DI water for 5 s, and finally blow dried. Spin-coating of the suspensions was conducted using a spin-coater at 500 rpm for 3 s and then 2000 rpm for 15 s. The curing process was performed in an infrared (IR) furnace under a protective atmosphere of 90% N 2 -10% H 2 . The curing treatment consisted of a rapid heating, followed by an isothermal stage at 300
• C and finally cooling to room temperature.
Top views of the deposited films and cross-sections were obtained using a JOEL-7000F scanning electron microscope (SEM). The adhesion strength of the Au films on the substrates was measured using the stud pull test method. Each datum was the average of ten tests.
Diffusion of atoms was characterized by secondary ion mass spectrometry measurements using a CAMECA IMS-6f magnetic sector secondary ion mass spectrometer. Typical analysis conditions for Cs+ primary ion bombardment included a 25 nA primary current rastered over a 150 × 150 μm 2 area at a 27
• angle of incidence from normal, with 1.5 keV impact energy and a mass resolution m/ m of 1200. Negative secondary ions were detected from a 60 μm diameter optically gated area positioned in the center of the raster. The depths of sputtered craters were measured using a KLA-Tencor P-20 profilometer.
The interfacial behavior between the Au deposited films and substrates was investigated by XPS depth profiling using a VG Scientific ESCALAB250 system, and chemical shifts of binding energies upon alloying were also acquired by measuring core level spectra. Regarding depth profiling, an ion beam of Ar with energy of 3 keV and 1 A was focused and raster-scanned on the samples over an area of 1 × 1 mm 2 for sputter-etching. An x-ray of Al Kα (1486.6 eV) was irradiated for excitation and the photoelectron energy resolution was fixed at 0.1 eV to collect signals using a hemispherical electrostatic analyzer under a background pressure of 10 −6 Pa. The depth profiling consisted of repeated sputter-etching for 100 s followed by an XPS spectrum measurement until no Au signal was detected. After subtracting the background using the Shirley method, XPS spectra of each peak were determined by fitting with a combination Guassian-Lorentzian function using XPSPEAK Version 4.1 software [11] . Binding energies are referenced to the C 1s of surface contaminants at 284.5 eV. Atomic concentrations were calculated by normalizing peak areas to the elemental sensitivity factors of each orbit (listed in table 1) given in the Perkin-Elmer handbook of x-ray photoelectron spectroscopy [12] . The atomic ratio at each sputtering time (n A /n B ) can be acquired via XPS by the following formula:
where I A and I B are the intensity of element A and B after reducing the background. S A and S B are the sensitivity factors of elements A and B, respectively. The depth of sputtering was also measured by an alpha-step profilometer. To minimize the effects of charging, a low-energy electron gun was used for charge neutralization. The existences of intermediate phases at the interface were evidenced using a Rigaku D/max-2500 x-ray spectrometer with 18 kW Cu Kα x-rays at a voltage of 40 kV and a current of 100 mA. The data were collected by step scan from 35
• to 80
• 2θ with a 0.02 • step size. Figure 1 shows top views and cross-sections of the cured Au films on the Ag, Cu and Ni substrates, which illustrate that all the Au deposits were continuous. However, there were still some differences. From the top views (figures 1(a), (c) and (e)), it can be observed that the Au deposits on the Cu and Ag substrates possessed better continuity compared to that on the Ni substrate, which showed lip-like crevices. Observation of the cross-sections (figures 1(b), (d) and (f)) reveals that the boundary at the interface between Au deposit and Ag substrate was vague. Conversely, distinct boundaries could be observed between the Au deposit and the Cu and Ni substrates. Figure 2 illustrates the results of a series of pull tests of the cured samples in comparison with those deposited by sputtering, with an average thickness of 200 nm. It was found that, with a prolonged curing time at 300
Results

Morphology, continuity and adhesion with the substrates of Au deposits
• C, the adhesion of the Au NP deposited films became stronger. The adhesion strength in the Au/Ni case was greater than that of Au/Cu, which was in turn higher than that of Au/Ag. Interestingly, the deposited Au NP films on different substrates after being isothermally processed at 300
• C for 60 min showed identical or even superior adhesion strength to that of the sputtered films. One exception was the case of the Ag substrates, for which the adhesion strength of the cured NP deposits was inferior to the sputtered film without curing, but comparable to those which experienced curing at 300
• C for 60 min. 
Diffusion of Au atoms towards the substrates
The SIMS depth profiles for samples after thermal treatment at 300
• C for 60 min are shown in figures 3(a)-(c), both for samples with Au NP deposit and those with a sputtered gold layer. The sudden drop from initial high count levels to the lowest point (termed inflection points in this study) of the signals of substrates in dashed lines are the result of secondary ion yield enhancement due to the surface oxide and interference from surface contamination of carbon [13] . Since the interdiffusion behavior at the interface should involve mutual diffusion between gold layers and substrates, the inflection points of the dashed lines were thus taken as the starting points of the reaction layers and hence also as the diffusion end points of the substrate elements. Regarding the Au signals, the descending occurred along with the inevitable presence of ion beam mixing [14] , which made the profiles characteristically exhibit two regimes with different slopes. An initial steep decay corresponds to the direct removal of materials from the surface, which is the true in-depth distribution of elements analyzed. This steep decay ends up at a subtle fluctuation, which is followed by a slow exponential decay of a tailed signal originating from a distortion of ion beam mixing during the sputtering process. Therefore, the distance from the inflection points of the substrate signals to those subtle fluctuations on the descending curves for Au signals could be regarded as the diffusion distance of the elements examined, which are listed in table 2. By way of comparison, figure 3(a) shows that in the case of Ag substrate, the diffusion depth of Au in the NPs deposited sample was only slightly greater than that of the sputtered films, i.e. the reaction layers measured have nearly the same dimension (≈200 nm). However, the Au signal at the Au/Cu and Au/Ni interfaces, figures 3(b) and (c), could be detected at much greater depths, i.e. the reaction layers of approximately 210 nm and 120 nm, respectively, are much larger than those of the sputtered films which only reach 120 nm and 80 nm, respectively. 
Interfacial elemental depth profiles and chemical shifts of binding energies due to the alloying effect
Further studies on the interfacial behavior between the Au NP deposits and the substrates were conducted by XPS elemental depth profiling and analysis of binding energy. As illustrated in figure 4 (a), the composition of the reaction product at the Au/Ag interface varies over the entire interdiffusion region. Interestingly, both the reaction layers at the Au/Cu and Au/Ni interfaces (figures 4(b) and (c)) exhibited constant ratios of Au to the substrate elements, which were around 3/7 after 20 min annealing and 1/4 after 60 min for Au/Cu and 4/1 for Au/Ni. The compositional ratios derived are listed in table 2.
Since Au is the most electronegative metallic element, when Au reacts with the substrate elements, Cu, Ag and Ni, a positive shift in the electron binding energy of Au is expected. On the other hand, the binding energy change of the substrate elements would be negative. The core level spectra for all the cases investigated are shown in figures 5-7. Quantitative deviations of binding energies compared to pure metals are listed in table 3. In the case of Au-Ag (figure 5), a change in binding energy of +0.1 eV was obtained for the Au 4f 7/2 peak, while a negative shift of −0.1 eV was measured for Ag 3d 5/2 . For the Au-Cu case, the change in binding energy was +0.3 eV for Au 4f 7/2 and −0.2 eV for Cu 2p 3/2 . With regard to the Au-Ni interface, the shift in binding energies was +0.2 eV for Au 4f 7/2 and −0.5 eV for Ni 2p 3/2 . It was found that raising the curing time from 20 to 60 min did not affect the chemical shift.
Discussions
Factors affecting the continuity of Au deposits
As illustrated in figure 2 , the morphological condition of the coated films on the Cu and Ag substrates was better than that on the Ni substrate, which showed lip-like crevices and some discontinuous regions. This can be ascribed to the larger lattice mismatch between Au and Ni. Table 4 lists some basic properties of Au and the substrate elements investigated in this study. It has been reported that electronegativity plays an important role in the formation of alloys [15] . However, the substrates used exhibited similar differences in electronegativity with Au. Therefore, lattice mismatch was probably the predominant factor affecting the morphologies of the Au deposits. Observation of cross-sections revealed that the boundary of the interface between the Au deposit and Ag substrate was rather indistinct. This can be ascribed to the extremely small lattice mismatch (nearly 0%) which resulted in a completely miscible solid solution. Otherwise, a larger size mismatch (12% between Au and Cu and 15% between Au and Ni) might have led to a more distinct boundary. Figure 5 . Photoemission spectra of (a) Au 4f and (b) Ag 3d levels obtained from the surface after sputter-etching for 500 s at the interface between the Au deposits and Ag substrates. Figure 6 . Photoemission spectra of (a) Au 4f and (b) Cu 2p levels obtained from the surface after sputter-etching for 500 s at the interface between the Au deposits and Cu substrates. and the substrates leads to an epitaxial growth (e.g., rational epitaxial growth of Cu film on Au substrate) [16] . However, specific to our study, interdiffusion phenomena between Au NPs deposits and the substrates were observed. The interfacial reactions and the products thus formed should be concerned.
Interfacial behavior between Au NP deposits and different substrates 4.2.1. Nanosize induced liquid-solid interaction.
There have been many studies looking into the effects of the NP curvature on the behavior the melting temperature. Specific to this study, the melting range of Au NPs was shown to be from 230 to 270
• C. Thus, it can be inferred that during the thermal process at a higher temperature (i.e., 300
• C), the Au NPs B.E (eV) Figure 7 . Photoemission spectra of (a) Au 4f and (b) Ni 2p levels obtained from the surface after sputter-etching for 400 s at the interface between the Au deposits and Ni substrates.
could partially or entirely melt and react with the substrates. Although the time for the deposits to remain in the supercooled liquid state is difficult to predict, a liquid-solid interaction due to the nanosize effect could still be achieved. It seems likely that liquid Au has a stronger activity to react with the substrate materials than Au in the solid state. Even though the reaction duration was very short, this liquid-solid reaction still had a considerable effect on the interdiffusion and resulted in a greater diffusion depth of Au into the substrate compared to that of the sputtered samples through a solid-solid reaction ( figure 4) . Moreover, the nanocrystalline character of Au NPs may also provide a relatively easier and faster path for outward diffusion of substrate atoms than those of sputtered Au films which may have much greater grain size and thus less abundant interdiffusion. However, there still existed differences in the diffusion range and the composition of the reaction products among the samples reacted with various substrates. This was closely related to the chemical relationship between Au and the substrate elements and this is now discussed.
Alloying behavior between Au deposits and Ag substrate.
The XPS depth profile illustrates that the signal of Au and Ag varied gradually without holding a constant ratio (see figure 4(a) ). This implies that a nonstoichiometric reaction 
4.2.3.
Alloying behavior between Au deposits and Cu substrate. As shown in figure 4(b) , a region with a constant ratio of Au/Cu appeared near the Au side. This leads us to believe that the Au NP deposits may have alloyed with Cu and transformed into a stoichiometric reaction layer. Possible superlattice phases in the Au-Cu system are Cu 3 Au, AuCu and Au 3 Cu [19] . We compared the chemical shifts of binding energies measured (figures 6(a) and (b)), +0.3 eV for Au 4f 7/2 and −0.2 eV for Cu 2p 3/2 with those of a series of AuCu alloys with various stoichiometries reported by Kuhn and Sham [20] . The stoichiometric phase detected was likely to be Cu 3 Au, for which the shift in binding energy was 0.31 eV Au 4f 7/2 and 0.22 eV for Cu 2p 3/2 . Although the Au/Cu ratio was decreased with a prolonged curing (from 3/7 for 20 min to 1/4 for 60 min), it was still within a reasonable compositional range for Cu 3 Au. XRD patterns of Au NPs deposits on Cu substrate subsequent to different curing treatments, figure 8 , confirm the existence of Cu 3 Au through the interdiffusion between NPs and the substrate.
Alloying behavior between Au deposits and Ni substrate.
Concerning the NP Au/Ni interaction, the XPS depth profiles show that the reaction layer and the range for Au distribution were narrower than the others. This is somehow in accordance with the distinct boundary observed in the SEM image. With respect to the feature of Au-Ni alloys, a homogeneous face-centered cubic (FCC) solid solution appears at high temperature and a miscibility gap for phase separation spans almost the entire concentration range below 800
• C [21] . Interestingly, our XPS results show that the reaction layer was an order structure of Au 3 Ni according to the constant ratio of Au/Ni (about 4/1), and the remaining binding energy shifts, i.e., 0.2 eV for Au 4f 7/2 and −0.5 eV for Ni 2p 3/2 , as can be seen in (figures 7 (a) and (b) ).
It has been proposed that the large electronegativity difference between Au and Ni may cause an ordering-type nearest-neighbor pair interaction resulting in an ordering structure [15] . Experimentally, Reichert et al [22] have discovered that fluctuations of both ordering and clustering type are competing with each other. Through an in situ investigation at 700
• C using transmission geometry of x-ray diffuse scattering, two phases, Au 3 Ni with an L1 2 structure and Au 3 Ni 2 with a Z 1 structure, could be identified. In comparison with other XPS work, Fuggle et al [23] have obtained Au 0.5 Ni 0.5 bulk alloys by rapid quenching, where a negative shift of 0.45 eV for the Ni 2p 3/2 core level with respect to the pure bulk phase was obtained. In addition, the shifts of Au 4f 7/2 and Ni 2p 3/2 in dilute AuNi and NiAu alloys have also been measured by Steiner and Hufner [24] . They measured, respectively, a positive shift of 0.48 eV in the Au 4f 7/2 level for Au diluted in bulk nickel and a negative shift of 0.7 eV in Ni 2p 3/2 level for Ni diluted in bulk gold. Importantly, Santra et al [25] have measured this shift in very large aggregates or clusters of Au 0.75 Ni 0.25 with a shift of 0.10 eV for Au 4f 7/2 level. The measured core level binding energies mentioned above lead us to conclude that our experimental findings can indeed be explained by an alloying effect. An ordered Au 3 Ni was thus obtained at the interface between the Au NP deposit and the Ni substrate.
Relationship between the reaction products and the adhesion strength
The pull test results indicate that the adhesion strength between the Au/Ni was stronger than the Au/Cu, which was in turn greater than that between the Au/Ag. Also, the strength was increased with a prolonged curing period. This, along with analysis of our XPS results, causes us to conclude that the formation of intermetallic phases increases the adhesion strength between the NP Au deposits and the Cu and the Ni substrates as compared to Ag. That is, the adhesion strength of the stoichiometric phases observed for Au/Ni and Au/Cu was greater than that of the Au/Ag solid solution. Worthy of notice is that the adhesion strength between the sputtered Au films and the substrates did not differ too much. A heat treatment at 300
• C for 60 min could only slightly raise the adhesion strength of the sputtered films on Cu and Ni substrates, but that on Ag substrates decreased sharply. This means that the joining mechanism for the NP Au/substrate interface is different from that for the sputtered Au/substrate. Once Au-Ag solid solution formed at sputtered Au/Ag through interdiffusion, the interfacial bonding would became inferior.
Conclusions
After curing at a temperature above the nanosize induced low melting point of NP Au, 300
• C, significant interdiffusion occurred between NP Au and metallic substrates of Ag, Cu and Ni, probably through a liquid-solid reaction. Evident interdiffusion behavior, which was characterized via SIMS, demonstrated that Au atoms of NP deposits diffused more deeply into the substrates than those of sputtered films and thus revealed wider reaction layers at the interface, except for the case of Au/Ag. The consequent alloying feature was demonstrated by a chemical shift in binding energy of both the Au NP deposits and the substrate elements. Cu 3 Au at NP Au/Cu, NiAu 3 at NP Au/Ni and a nonstoichiometric solid solution at NP Au/Ag were identified by XPS depth profiling. The reaction products strongly affected the bonding of the deposits and substrate. The adhesion strength in decreasing order was Au/Ni, Au/Cu and Au/Ag.
